Abstract. Present work shows many of Virtual Reality (RV) developments carried out in manufacturing processes field by the collaboration between Aerospace Materials and Production Department at the UPM University and Manufacturing and Construction Engineering at the UNED university. Most of them have been directed towards Numerical Control Machine Tools field and towards equipment that configure automated manufacturing systems like Flexible Manufacturing Systems (FMS).
Introduction
Computer simulation allows the study of the real time evolution of manufacturing systems simulating each system element behaviour. This procedure presents as a main drawback the difficulty in interpreting the generated data. Even if simple models are used in the simulation, the amount and diversity of the results usually overwhelms the processing capacity of every observer, even the more experienced ones. In this way the Virtual Reality (VR) is a very useful tool for getting an user-process interface that allows the display of a great number of output results of attainable form, so it can be interpreted fairy easily without the need to resort to auxiliary mathematical tools. The fulfilled works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] show the potential of simulation and VR together in gaining knowledge about the manufacturing process. All of them take as a common base the manufacturing system CFF-ETSIA currently established in the "Laboratorio de Fabricación y Organización de la Producción" of the ETSI Aeronáuticos of the Universidad Politécnica de Madrid, although some of them extend to other different equipment. In this system there are Numerical Control Machine-Tools and automatic support elements working together, all under the control of a computer. This system was chosen as a prototype because its availability allows an experimental contrast of the generated results and the ones obtained by the simulation models. Not forgetting the university environment in which the works have been developed, an educational application for the industrial environment is also looked for, promoting the practical formation about the manufacturing system's features, not only presential but at distance as well, based on the integration of the results in Internet.
Methodology
The methodology used is schematically described in the Fig. 1 . For its application and a successful result it's necessary to start with a knowledge of the manufacturing process as detailed as possible. This fact requires the involvement of "experts in manufacturing" having this knowledge, independently of their experience with simulation and/or Virtual Reality. At the abstraction level, simulation model is created; elements and behaviours to be considered are defined, and level of detail of the model is set. This level presents an intrinsic difficulty by requiring simultaneously deep knowledge of both the processes to model and the software tools that must be used, circumstances that not always concur on the same person. The modelling level includes both the "physical" as the "logical" part of the elements that, previously abstracted, take part in the model. The physical modelling considers the physical properties that define each element of the application. Principally it's focused on geometrical properties of the element (dimension and shape) which condition their interaction with the remaining elements of the application. Specific 3D modelling applications available in the market for a moderate budget have been used for this modelling. The logical modelling tries to establish the behaviour rules that determine the interaction between different elements. There are also specific tools for this modelling, but their number is considerably lower than the ones available for the physical modelling. Finally, the level of Virtual Reality sets the interface with the user. The software to use depends of the available hardware, that can reach from a personal computer to a Virtual Immersion Room. It's desirable that the software to use offers good performance and an extended connectivity to hardware devices.
Flexible Manufacturing System. The manufacturing field offers a wide variety of processes to be simulated by Virtual Reality. As mentioned in the first paragraph, instead of selecting a specific process, a Flexible Manufacturing System (CFF-ETSIA) and several Numerical Control (NC) Machine-Tools (M-T) were chosen, some of which are shown in Fig. 2 . Reasons for this choice are varied. First of all, by working on a system the simulation can span the varied processes that can take place in it. In this case all of them have a NC machine-tool machining process in common. Secondly, being it a system formed by different equipment and machines, it is not only possible to simulate a single process of each machine, but of the whole system as well. Finally the advanced character of the system and its availability as a real manufacturing system rises it to an advantageous position against other types of systems and processes. The CFF-ETSIA system has of two working stations, based of a NC-lathe and a NC-milling machine. Both machine-tools incorporate automated devices for changing tools, fastening workpieces and activating security elements. The mentioned devices are indispensable for a non-stop automatic operation of the system. The CFF-ETSIA has also two handling robots dedicated to the logistic activities of the system, i.e. load and unload of the machine-tools and transport and storage management of parts, from preform to final shape, including intermediate forms of the semi-finished pieces 
Software tools
In order to be able to put in practice the aforementioned methodology it was necessary to select the working tools according to the available budget. This is of great importance, because further developments can be greatly conditioned by the selection made. It has been emphasised the maintaining of an the architecture as opened as possible in order to include as many applications as possible. Another applied criteria was the search for those software tools that offer a good qualityprice ratio for a moderate cost. The following table summarises the selection made for each step in the proposed methodology. Although the abstraction stage does not require any specific tool, it's desirable to try to focus on it with a perspective that later allows it to be implemented in an Object Oriented Programming language. In many cases it has been necessary to review concepts defined in this stage due to
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limitations or extensions that the tools used later imposed. The physical modelling step of the virtual equipment is based on the physical modelling of their constituent elements attending to its geometry and dimensions, but without discarding future use of other physical properties such as weight, thermal conductivity, inertial properties, etc. The decision in this stage [13] was taken considering the following reasons:
− NURBS based tridimensional modelling − Model interchange with other applications. − Good quality/price ratio NURBS based modelling allows to generate tridimensional grids with different number of polygons of 3D models without the need to readjust the model. This feature makes easy models readapting to the required level of detail and the graphical performance of the computer where simulation runs. Satisfactory results have been achieved in obtaining a good traceability between the Virtual Reality application and tridimensional models created with other tools, thanks to the import/export ability of the chosen software. In this way the work done is not conditioned by its use and the 3D modelling can be made with a wide range of programs. Fig. 3 shows the real NC-lathe (1a) and NCmilling machine (1b), as well as the physical modelling of both machines: NC-lathe (2a) and NCmilling machine (2b). Contrary to the previous stages, the logical modelling stage has not so many alternatives to choose from. Once the 3D models of every physical element are generated, the next step is to establish their behaviour both alone and as a whole (interactivity with other physical elements). In case of a traditional simulation model based on a programming language, the logical modelling would be made by defining the variables that model the state of the element and by programming the rules of their possible modification according to the evolution of every element with the time. Later it would be necessary to establish an interface to the generated data from which to get the information to know the state of every element and of the system as a whole. The use of Virtual Reality as interface between model and user does not change fundamentally the mentioned procedure, but conditions greatly the definition of variables and functions that model the behaviour of the system. In order to put in practice this modelling there where several alternatives evaluated, ranging from direct use of graphical libraries (OpenGL and DirectX) to the use of specific software developed for this purpose. The biggest advantage offered by the chosen software [14] is a drastical reduction of the programming code needed to implement the behaviour of 3D models in the virtual world. At first sight it seems that the made decision could impose a great limitation to the performances offered by direct work with a graphical engine, but this fact is minimised because the chosen software provides a SDK (Software Development Kit) that allows to work directly with C++ code if the application needs it, allowing the required classes and procedures programming. Nevertheless, in most cases the use of the SDK is not needed, and it is possible work with a built-in graphical interface that simplifies greatly programming tasks. The results of this programming is reflected in scripts, which are a graphical representation based on blocks of C++ code with which the program works internally. Fig. 4 shows a sample script used in the displacement of one of the mobile elements of a machine.
Building a virtual equipment
Considering the previous methodology and using the software tools described above, it is possible to start building a virtual equipment. In spite of different typologies and behaviour, all considered equipment, and even other manufacturing equipment for subsequent developments, can be modelled starting from an object oriented structure based in the definition of virtual objects. These are the representation in the virtual world of each of the real objects which are involved in the manufacturing process. Indeed, the structure of the selected software offers initially a collection of classes and associated objects that constitute the base upon which the simulation model building is rooted. Among these objects there are 2D entities (objects with height and width but without depth), 3D objects (objects with height, width and depth externally generated by means of specific solid modelling software) or characters (associations of 3D objects). There are also other objects not so directly linked to the physical elements of the model, such as cameras, lights or 3D frames. These latest are very useful objects that represent a reference system without visible parts. Finally, there are other non visible objects such as curves, arrays of objects, groups and scenes which complete the collection called behavioural objects. Their behaviour is established by the use of their associated procedures, which are accessible from the already mentioned scripts or through direct invocation from an application that includes the SDK at the same time. The definition of the virtual objects can be established starting from the behavioural objects and scripts. A virtual object is formed by one or several behavioural objects, one or several associated scripts, and a set of attributes or variables associated to both, that depend on the sort of real object they represent. In the specific case of NC machine-tool and/or automated logistic elements (robots, conveyor belts ...), the following virtual objects were set: Tools, Workpieces, Toolsets, Clamping devices, Actuators and Machines. They all are represented in Fig. 5 : Using only these six kinds of virtual objects it is possible to model not only the single elements that form an equipment or machine, but also a machine or even a manufacturing system including more than one machine, as it is the case in the CFF-ETSIA system described before. To do so, it is enough to use them in a modular form. The most versatile of all of them is the Actuator virtual object, which allows modelling in the virtual environment of any real device with displacement. Simple actions of direct equipment control, such as those that a machinist could carry out acting manually on the control panels of the machines can be added to the simulation model using the interface offered by the selected software. However, when these actions become complicated (due to the requirement of a simultaneous control of actuations, or due to the necessity of carrying out automatically a sequence of orders of a NC program) the interface remains very limited (as it is the case of the actions that a worker can carry out in a real machine) and the use of a tool which allows to incorporate this complexity is required. In the case of simulation, these tools are the Object Oriented Programming languages (OOP). This could mean the necessity of working directly with the SDK, and thus loosing the services offered by the scripts based in graphics blocks. Nevertheless, the group of virtual objects that form a certain simulation model, including the corresponding scripts and attributes, can be
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included in a new global object named CMO Application. This CMO Application can be integrated to any application able to work with ActiveX objects by means of a specific application called Webplayer. This last characteristic allows the inclusion of the developments made in applications that work with OOP languages, such as Visual Basic or Visual C++, and even in browsers, greatly increasing the field of application of the achieved developments, by using them remotely over the Internet. 
Achieved developments
Next some of the developments achieved using the proposed methodology are presented. These developments have made it possible not only the virtual use of the equipment, but also to study in depth several aspects of their behaviour such as trajectory control or collision studies.
Working stations of CFF-ETSIA. The two working stations under CFF-ETSIA are a COMPACT 6 NC lathe and a VMC 100 NC milling machine. The modelling of both machines [5, 10] is shown in Fig. 6 . The lathe has a pneumatic plate and automatic opening of the protection system. It also has a tool turret for eight tools and has two controllable axes over a slanting bench. The milling machine has three controllable axes as well as a tool holding fixture with ten different positions that allows the change and storage of different tools. Fig. 7 . Virtual application of SCORBOTER V handling robot. Fig. 8 . CTX-400 virtual lathe and FP5 virtual milling machine. Logistic elements of CFF-ETSIA. Formed by two handling robots along with a conveyor belt as well as several warehouses for preforms and parts. Fig. 7 shows the output interface of the VR application that models the behaviour of one of the two robots [7] . This application has also been used in the cinematic study of trajectories in robots [11] . Other Numerical Control Machine-Tools. In addition to the equipment of CFF-ETSIA, other CNC Machine-Tools have been modelled [4, 12] using Virtual Reality such as those presented in Fig. 8 . Both are production machines, both because of their dimensions, the controls used and available performance. The lathe is a CTX-400 with 3-axis control possibility which involve the rotation of the main spindle or C-Axis. The head has the possibility of working with motorised tools, incorporating new movements to be included in the model. The milling machine is a FP5 having also a fourth axis (C-axis) that controls the rotation of the working table.
Conclusions
The works listed in this paper highlight that Virtual Reality opens a new working field in the simulation of manufacturing processes. Though there are still some limitations mainly imposed by the computing capacity of computers, more and more realism is reached using not very expensive equipment. Using risk-free Virtual Reality applications we satisfactorily achieve a save use of expensive or dangerous equipment. The presented methodology allows the construction of modular equipment and manufacturing processes without limitations in their nature or operation. In addition, the inclusion of results obtained to Internet opens a door to remote access with the wide services that this involves in the academic and research areas. Manufacturing processes analysis by virtual reality
